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Background: Dynein is a microtubule motor that can also tether dynamic microtubule plus-ends.

Results: Neural cell adhesion molecule isoform-180 (NCAM180) binds directly to dynein, facilitating microtubule tethering at
the cortex and enhancing cell-cell adhesion and synaptic density.

Conclusion: The dynein-NCAM180 interaction contributes to the maintenance of synaptic density in cortical neurons.
Significance: Dynein functions as both microtubule motor and microtubule tether in neurons.

Cytoplasmic dynein is well characterized as an organelle
motor, but dynein also acts to tether and stabilize dynamic
microtubule plus-ends in vitro. Here we identify a novel and
direct interaction between dynein and the 180-kDa isoform of
the neural cell adhesion molecule (NCAM). Optical trapping
experiments indicate that dynein bound to beads via the
NCAM180 interaction domain can tether projecting microtu-
bule plus-ends. Live cell assays indicate that the NCAM180-de-
pendent recruitment of dynein to the cortex leads to the selec-
tive stabilization of microtubules projecting to NCAM180
patches at the cell periphery. The dynein-NCAM180 interaction
also enhances cell-cell adhesion in heterologous cell assays.
Dynein and NCAM180 co-precipitate from mouse brain extract
and from synaptosomal fractions, consistent with an endoge-
nous interaction in neurons. Thus, we examined microtubule
dynamics and synaptic density in primary cortical neurons.
We find that depletion of NCAM, inhibition of the dynein-
NCAM180 interaction, or dampening of microtubule dynamics
with low dose nocodazole all result in significantly decreased in
synaptic density. Based on these observations, we propose a
working model for the role of dynein at the synapse, in which the
anchoring of the motor to the cortex via binding to an adhesion
molecule mediates the tethering of dynamic microtubule plus-
ends to potentiate synaptic stabilization.

Cytoplasmic dynein is a multisubunit molecular motor that
moves processively toward the minus-ends of microtubules.
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Dynein drives the motility of organelles, vesicles, proteins, and
RNA particles and is also essential for spindle assembly and
dynamics during cell division (1), making dynein critical for
normal cellular function in higher eukaryotes. The diverse
functions of dynein in the cell are probably coordinated
through specific protein-protein interactions, many of which
are mediated by the dynein intermediate chain, which is local-
ized at the base of the motor complex and interacts with critical
binding partners, such as dynactin (1, 2).

Dynein interacts with the dynamic microtubule cytoskele-
ton. Microtubules undergo periods of growth and shrinkage
due to the addition and loss of tubulin subunits, primarily at
their plus-ends. These dynamics allow microtubule plus-ends
to explore cellular space. A “search-and-capture” hypothesis
has been proposed, stating that microtubule plus-ends can be
preferentially captured and stabilized through productive
interactions with organelles or the cell cortex (3). This stabili-
zation may promote the selective anchoring of microtubule
plus-ends at the cortex, leading to cell polarization or targeted
trafficking to specific cellular domains (4).

Strong evidence that cortically localized dynein can mediate
interactions between microtubules and the cell periphery
comes from budding yeast, where dynein’s primary role is to
exert tension on microtubules projecting from the spindle pole
body in order to properly position the nucleus (5- 8). A parallel
mechanism has been proposed for higher eukaryotes because
cortically localized dynein has been implicated in the proper
positioning of the spindle in dividing cells (9, 10). Cortically
localized dynein has also been suggested to mediate microtu-
bule capture and tethering in interphase cells, primarily at sites
of cell-cell interaction, such as adherens junctions (11, 12) and
the immunological synapse (13).

Recent biophysical studies have modeled the interaction of
projecting microtubules with cortically localized dynein in
vitro. Purified mammalian dynein motors bound to beads were
found to tether and stabilize projecting microtubule plus-ends,
delaying microtubule depolymerization in an ATP-dependent

VOLUME 288+NUMBER 39+-SEPTEMBER 27,2013



Dynein Binds to NCAM180 and Tethers Dynamic Microtubules

manner (14). Similarly, recombinant yeast dynein bound to a
rigid barrier also tethered microtubule plus-ends and promoted
the formation of stable attachments with the barrier (15). Thus,
biophysical studies support the hypothesis that dynein can act
as either a motor or a tether. However, the mechanisms that
specifically localize dynein to the cortex are still not well under-
stood, especially in interphase mammalian cells.

Here, we identify a novel interaction between dynein inter-
mediate chain (DIC)® and the neural cell adhesion molecule
NCAM180. NCAM is a transmembrane protein that is local-
ized to synaptic sites (16, 17), mediates intercellular interac-
tions across the synapse, and is important for synaptic matura-
tion, plasticity, and stabilization (18 —24). Three major isoforms
of NCAM are generated by alternative splicing (NCAM180,
NCAM140, and NCAM120), which differ in their membrane
association and intracellular domains (25, 26). Loss of the
NCAM180 isoform leads to alterations in synaptic morphology
as well as function (27).

We find that the dynein-NCAM180 interaction is direct and
specific. Binding to NCAM180 recruits dynein to the cortex
and leads to the plus-end tethering of microtubules at
NCAM180 patches at the cell periphery in a heterologous cell
system. In cortical neurons, disruption of the endogenous
dynein-NCAM180 interaction alters microtubule dynamics at
the synapse and leads to a decrease in synaptic density.
Together, these observations support a model in which dynein,
localized to the cell cortex through a direct association with
NCAM180, mediates microtubule tethering and contributes to
the maintenance of synaptic stability in neurons.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Assay—A yeast two-hybrid assay was
performed using full-length DIC1 to screen a random-
primed human fetal brain cDNA library, leading to detection
of a cDNA clone encoding residues 975-1105 of NCAM180
(EAW67201.1, neural cell adhesion molecule 1, isoform
CRA_a).

Plasmids and Constructs—Bacterial expression vector pET-
DIC1 expressing His-tagged full-length DIC1 was described
previously (28); the sequence encoding residues 971-1105 in
human NCAM180 was subcloned from the yeast two-hybrid
clone into pGEX-6P2 to generate pGEX-DBS. Mammalian
expression plasmids encoding GFP-NCAM120, cyan fluores-
cent protein-NCAM140, cyan fluorescent protein-NCAM180,
and RFP-NCAM180 in the pcDNA3.19 vector were a gift from
Lynn Landmesser. GFP-NCAM180ADBS, a C-terminal dele-
tion construct of NCAM180 lacking residues 971-1115, and
GFP-DBS, with NCAM180 residues 971-1105 fused to GFP,
were subcloned by PCR from the Landmesser cDNA clones; a
parallel construct expressing blue fluorescent protein-DBS was
also generated. GFP-CC1 encodes residues 216 —550 of human
p1509"d in a mammalian cell expression vector (29). EB3
labeled at the C terminus with mCherry (EB3-mCherry) was

3 The abbreviations used are: DIC, dynein intermediate chain; DHC, dynein
heavy chain; NCAM, neural cell adhesion molecule; DBS, dynein-binding
site; MAB, motility assay buffer; DIV, days in vitro; ANOVA, analysis of vari-
ance; NMJ, neuromuscular junction; RFP, red fluorescent protein.
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provided by I. Kaverina (30), 3xGFP-EMTB was a gift of Chloe
Bulinski (31), and GFP-Bsn (32) was a gift from the Gundelfin-
ger laboratory.

Antibodies for Western Blotting and Immunofluorescence—
Antibodies to DIC (MAB1618) and PSD95 (MAB1596) were
from Chemicon. Synapsin antibody (AB1543P) was from Mil-
lipore. Antibodies to dynactin subunits p150 (610474) and p50
(611003) and to NCAM (556324 and 556323) were from BD
Transduction Laboratories. GAPDH antibody (ab9484) was
from Abcam. Chicken GFP antibody (GFP-1020) was from
Aves Labs, Inc. Rabbit polyclonal antibodies UP1467 to DIC
and UP502 and UP1097 to dynactin subunits p150"® and p50
were generated and affinity-purified in our laboratory.

Protein Purification—Cytoplasmic dynein and tubulin were
purified from bovine brain as described (33, 34). Labeled tubu-
lin was purchased from Cytoskeleton, Inc. Recombinant DIC
was purified as described (28). GST and GST fusion proteins
were purified as described (35).

Pull-down Assays—His-tagged recombinant DIC was used
for in vitro GST-NCAM pull-down assays or was coupled to
activated CH-Sepharose 4B beads for DIC pull-down assays
(36). Mouse brain homogenate in 1% Triton, PBS with protease
and phosphatase inhibitors from Roche Applied Science
(homogenization buffer) was centrifuged at low speed to obtain
brain extract and then precleared by incubation with BSA-
bound CH-Sepharose 4B beads. Following incubation in pre-
cleared extract for 2 h, DIC beads were washed and eluted by
boiling in SDS sample buffer for analysis by Western blot. For
GST-DBS pull-down experiments, either GST-DBS fusion protein
or purified GST was bound to glutathione beads. For NCAM
immunoprecipitations, brain extract from age-matched young
adult wild type mice homogenized in homogenization buffer
and precleared by incubation with “empty” Dynabeads (Milli-
pore) for 1 hat4 °C were incubated overnight with anti-NCAM
antibody (catalog no. 556324, BD Biosciences) at a ratio of 1 mg
of total protein to 2 ug of anti-NCAM antibody in 1 ml of buffer
overnight at 4 °C. Dynabeads were added and incubated for 1 h
at 4 °C, the beads were washed, and the bound proteins were
eluted by boiling in gel sample buffer. The resulting blots were
probed with anti-DIC from Chemicon.

For microtubule pull-down assays, GST-DBS or GST control
beads were incubated with BSA (10 ug/ul), washed, and incu-
bated with or without purified dynein-dynactin in motility
assay buffer (MAB; 10 mm PIPES, 50 mm potassium acetate, 4
mMm MgCl,, 1 mm EGTA, pH 7.0). Beads were then incubated
with rhodamine-labeled microtubules, extensively washed, and
analyzed by Western blot.

Optical Trap Tethering Assay—The tethering assay was per-
formed as described (14), with slight modifications. A poly-
clonal antibody to GST (Invitrogen) was covalently conjugated
to carboxylated 1-um polystyrene beads (Polysciences, Inc.).
Beads were then incubated with GST-DBS for 30 min on ice and
washed two times and resuspended in MAB with 10 mg/ml
BSA. Next, beads were incubated with dynein, purified from
cow brain (33) for 30 min on ice, and washed and resuspended
in MAB with 10 mg/ml BSA. The GST-DBS- and dynein-
coated beads were diluted into MAB supplemented with 20 pum
taxol, 1 mm DTT, 1 mm ATP, 10 mg/ml glucose, 1 ug/ml glu-
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cose oxidase, and 0.5 pg/ml catalase and introduced into the
sample chamber; imaging and data analysis were performed as
described (14).

Cell Culture and Transfection—COS7 cells from ATCC and
HeLa cells stably expressing DHC-GFP (10), generously pro-
vided by the Hyman (Max Planck Institute) and Cheeseman
(Whitehead Institute) laboratories, were transiently trans-
fected using Fugene 6 (Roche Applied Science) according to the
manufacturer’s instructions. Cortical neurons were isolated
from embryonic day 19 Sprague-Dawley rat embryos or post-
natal day O mice (37). Dissociated cells were cultured for 5-14
days in vitro (DIV) as noted with serum-free Neurobasal
medium (Invitrogen) supplemented with B27 (Invitrogen).
Neurons were transfected prior to plating using an Amaxa
Nucleofector system (Lonza) according to the manufacturer’s
recommendations.

Knockdown of endogenous NCAM in cortical neurons iso-
lated from mouse was performed by lentiviral infection, using
recombinant lentiviruses expressing GFP or shRNA against
NCAM from Sigma (shRNA1l, CCGGC GTGCC CATTC
TCAAGTACAA CTCGA GTTGT ACTTG AGAAT GGGCA
CGTTT TTG; shRNA2, CCGGC GTTGG AGAGT CCAAA
TTCTT CTCGA GAAGAA TTTGG ACTCT CCAAC
GTTTT TG; shRNA3, CCGGC CAAGC TCCAA CTACA
GCAAT CTCGA GATTG CTGTA GTTGG AGCTT GGTTT
TTG; shRNA4, CCGGC GTGCC CATTC TCAAG TACAA
CTCGA GTTGT ACTTG AGAAT GGGCA CGTTT TTG).
Lentiviral vectors pHR-GFP, pLV-VSVG, and pLVdeltaR8.2
were a gift from Dr. Eran Bachrach (Tel Aviv University); len-
tivirus was produced by transient transfection in HEK293T
cells as described (38). Neurons were infected with lentiviruses
1 day after plating. At 14 DIV, cells were harvested for protein
extraction and Western blot analysis or fixed with 4% parafor-
maldehyde and immunostained for synapsin, neurofilament-H,
and PSD-95.

Aggregation Assays—Aggregation was assayed as described
(39), 18 h after transfection of COS7 cells with the indicated
constructs; incubations with nocodazole were performed as
noted with either 10 um (high dose) or 100 nm (low dose) at
37 °C for 40 min. Total cell number and number of cells in
aggregates (defined as >5 cells each) were counted; the per-
centage of total cells in aggregates was calculated relative to
controls.

Imaging of Microtubule Dynamics—To image microtubule
dynamics in COS?7 cells, the cells were transfected with 3xGFP-
EMTB using Fugene6 (Roche Applied Science) and imaged 1
day later in glass bottom microwell dishes (Fluorodish, World
Precision Instruments) containing Hibernate-A low fluores-
cence medium (Invitrogen) at 37 °C. Imaging was performed
using a Leica DMI6000B microscope and a Hamamatsu C10600
Orca-R2 camera. Images were acquired every 3—6 s with a
X100 objective.

Microtubule dynamics were measured in cortical neurons
isolated from E19 Sprague-Dawley rat embryos and transfected
using an Amaxa nucleofector system (Lonza) on the day of plat-
ing. Neurons were imaged at 7 DIV using total internal reflec-
tion fluorescence microscopy. First, static images of GFP-syn-
aptophysin and blue fluorescent protein-DBS were acquired.
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Then EB3-mCherry dynamics were imaged at 2 frames/s for
500 frames. To produce kymographs of EB3 dynamics, refer-
ence lines were drawn along EB3 comet trajectories using a
maximum projection image as a guide. Using the same refer-
ence lines that were used to produce the EB3 kymographs, line
scans were taken of GFP-synaptophysin fluorescence. The start
and end point of each EB3 comet was manually tracked. Syn-
apses were identified automatically from line scans of GPF-
synaptophysin as areas of intensity above a threshold set to the
25th quantile. These data were used to calculate the fraction of
comets that terminated at a synapse, the fraction of neurite
length positive for GFP-synaptophysin, the average velocity of
EB3 comets, and the apparent catastrophe frequency of micro-
tubules (the reciprocal of the EB3 comet duration).

Synaptic Membrane Preparation—Isolation of synaptic mem-
branes was adapted from Ref. 40. Briefly, brain tissue from four
mice (~1.6 g) was homogenized in 20 ml of cold dissection
buffer (50 mm Tris acetate, pH 7.4, 10% sucrose, 5 mm EDTA,
with protease inhibitors) and then centrifuged first at 800 X g
for 20 min and then at 16,000 X g for 30 min. The resulting
pellet was resuspended in 10 ml of 20 mm HEPES buffer, pH 7.4,
and centrifuged again at 16,000 X g for 15 min. The pellet was
resuspended in lysis buffer (5 mm Tris, pH 8.1; protease inhib-
itors) and incubated on ice for 45 min. Synaptosomes were
isolated from a three-step sucrose gradient centrifuged at
60,000 X g for 2 h; the band at the 28.5 and 34% sucrose
interface was collected.

Analysis of Synaptic Colocalization and Synaptic Density—
Cortical neurons from mice, 14 DIV, were fixed and stained for
synapsin, dynein, and NCAM or PSD-95. Approximately 10
random fields for each condition were imaged using fluores-
cence microscopy at X100 magnification and analyzed with
Imaris colocalization software (Bitplane) as described (41). Syn-
aptic density was scored as either the apposition of presynaptic
and postsynaptic markers along the processes of cortical neu-
rons using antibodies to synapsin-1 and PSD95 or by the uptake
of FM4-64 upon K™ stimulation. FM4-64 labeling of active syn-
apses was performed as described (42). Cortical neurons were
grown for 12 days and then exposed to 10 uM FM4-64 for 2 min
in 31.5 mM NaCl, 90 mm KCl, 5 mm Hepes, 1 mm MgCl,, 2 mMm
CaCl,, 30 mMm glucose; washed three times with Hibernate-A
low fluorescence buffer with 50 um pL-2-amino-5-phosphono-
pentanoic acid and 10 um 6,7-dinitroquinoxaline-2,3-dione;
and then either imaged live or fixed and imaged.

RESULTS

Identification of a Direct and Specific Interaction between
Dynein and NCAM180—We performed a yeast two-hybrid
screen from a fetal human brain cDNA library for novel dynein
interactors, using the neuron-specific isoform DIC1A as bait
and identified the intracellular domain of NCAM (residues
975-1105) as a binding partner. Only the NCAM180 isoform
encodes the dynein-binding site (DBS) identified in the yeast
two-hybrid assay (Fig. 14). To confirm this observation, we
performed in vitro pull-down assays using purified recombi-
nant DIC1 and either GST fused to the DBS of NCAM180 or
GST only as a control. We observed specific binding of DIC1 to
the DBS of NCAM180 (Fig. 1, B-E). GST-DBS pull-down
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FIGURE 1. A direct interaction between dynein and NCAM180 recruits dynein to the cell cortex. A, three major isoforms of NCAM are expressed in
mammalian neurons: NCAM180, NCAM140, and NCAM120. The DBS identified in the yeast two-hybrid screen, spanning residues 975-1105 of NCAM180, is
shown. TM, transmembrane domain. B, direct binding of recombinant DIC to the DBS domain of NCAM180. Pull-down assays were performed with either GST
or GST-DBS incubated with increasing concentrations of purified recombinant DIC (rDIC), as noted. GST-DBS and recombinant DIC bind with an apparent K; of
0.18 = 0.02 um. C, dynein and dynactin are precipitated from mouse brain lysate by recombinant GST-DBS but not by GST. Input, 10% of total; Western blots
were probed with antibodies to DHC, DIC, and dynactin (p150°"=d subunit). D, dynein interacts specifically with NCAM180. NCAM180, but not NCAM140 or
NCAM120, was precipitated from mouse brain extract with recombinant DIC bound to beads. Dynactin (p50 subunit) served as a positive control, and BSA
control beads served as a negative control. Input, 10% of total. £, DIC pull-down (PD) experiments from COS7 cells transfected with mouse isoforms NCAM180,
NCAM140, NCAM120, or with a construct lacking the dynein-binding site, NCAM180ADBS, demonstrate the specificity of the dynein-NCAM180 interaction and
its dependence on the DBS domain. Input (10% of total), DIC pull-down (DIC PD), and BSA control pull-down (Ctrl PD) samples were probed with antibodies to
NCAM; dynactin (p50) served as a positive control. F, co-expression of the DBS construct disrupts the co-immunoprecipitation of endogenous dynein with
NCAM180 from COS?7 cells; a control immunoprecipitation with protein A beads alone (IP:Ctrl) is also shown. G, disruption of the dynein-NCAM180 interaction
is dose-dependent. The co-immunoprecipitation (/P) of endogenous dynein with NCAM from brain lysate is inhibited by the addition of purified recombinant
GST-DBS (0, 1, 3, and 10 ug of DBS to 1 mg of total protein in lysate). Input, 10% of total. Error bars, S.E.

experiments performed over a range of recombinant DIC con-  evant interaction. The specificity of the dynein-NCAM180
centrations indicate an apparent dissociation constant (K,) of interaction is further supported by precipitation of endogenous
0.18 = 0.02 uMm (Fig. 1B), consistent with a physiologically rel-  proteins from brain lysate. Dynein heavy chain (DHC), DIC,
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and dynactin (p150) were precipitated with GST-DBS bound to
beads but not by control GST-bound beads (Fig. 1C). In the
reciprocal experiment, endogenous NCAM180 was precipi-
tated from brain lysate by recombinant DIC1-bound beads
but not by control beads. Neither the NCAM140 nor the
NCAM120 isoforms that lack the DBS domain identified in the
yeast two-hybrid screen were precipitated by DIC-bound beads
in this assay (Fig. 1D).

To further test the specificity of the dynein-NCAM180 inter-
action, we used COS? cells, which do not express endogenous
NCAM. COS7 cells were singly transfected with each of the
major NCAM isoforms: NCAM180, NCAM140, or NCAM120.
Only the NCAM180 isoform was precipitated from COS7 cell
lysate with DIC-bound beads (Fig. 1E); neither the NCAM140
nor NCAM120 isoforms were precipitated with DIC-bound
beads, and no NCAM binding to control beads was observed.
We also expressed a C-terminal truncation of NCAM180 lack-
ing the DBS domain (NCAMI180ADBS) in COS7 cells and
found that the NCAM180ADBS construct was not precipitated
by DIC-bound beads (Fig. 1E). Together with the direct binding
assay described above, these data indicate that the DBS domain
in NCAM180 is both necessary and sufficient for binding to
DIC (Fig. 1, B-E).

Next, we used an anti-NCAM antibody to immunoprecipi-
tate NCAM180 from COS?7 cells either transiently transfected
with NCAM180 alone or co-transfected with NCAM180 and
the DBS domain. We found that co-expression of the DBS
domain dominantly inhibited the co-immunoprecipitation of
dynein with NCAM180 (Fig. 1F). This dominant inhibition of
the dynein-NCAM180 binding interaction is dose-dependent,
because the addition of increasing concentrations of recombi-
nant DBS effectively blocked the co-immunoprecipitation of
dynein with NCAM antibodies from brain lysate (Fig. 1G).
Thus, the dynein-binding domain we have identified in the
C-terminal intracellular tail of NCAM180 mediates the direct
and specific binding of dynein to NCAM180, whereas overex-
pression of the DBS domain results in a dominant negative
inhibition of the dynein-NCAM180 interaction.

NCAM1180-dependent Recruitment of Dynein to the Cortex
Leads to the Selective Tethering of Projecting Microtubule
Plus-ends—We have previously found that dynein immobilized
on beads can tether and stabilize dynamic microtubule plus-
ends in vitro (14). We asked whether dynein, anchored to a bead
by NCAM180, would have a similar activity. We covalently
coupled anti-GST antibody to beads and then bound either
purified recombinant GST-DBS or purified GST as a control.
We incubated the beads with microtubules in the absence and
presence of dynein. We found that GST-DBS beads bound to
both dynein and microtubules, as assessed by Western blot (Fig.
2A). In the absence of dynein, no association of microtubules
with GST-DBS beads was observed, and in the absence of GST-
DBS, neither dynein nor microtubules bound to beads. Next, we
asked whether dynein, bound to beads through GST-DBS,
could tether microtubule plus-ends. We used an optical trap to
position DBS- and dynein-bound beads near the laterally dif-
fusing ends of Taxol-stabilized microtubules as described (14)
and imaged the effects of the resulting interaction on the diffu-
sion of the microtubule end. We found that dynein anchored to
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beads via the DBS domain of NCAM180 was capable of captur-
ing and stabilizing projecting microtubule plus-ends, substan-
tially reducing lateral diffusion (Fig. 2B). When tethered to the
DBS- and dynein-bound beads, the variance of the lateral posi-
tion of the microtubule was 0.012 = 0.05 nm?, compared with a
value of 1.23 + 1.13 nm?® observed for control beads coated with
BSA. These results show that dynein recruited by NCAM180
can tether microtubule plus-ends in a minimal system.

To examine the cellular effects of the dynein-NCAM180
interaction, we expressed the NCAM180 in COS?7 cells, which
do not normally express this protein (Fig. 2C). We observed
that heterologous expression of NCAM180 was sufficient to
recruit dynein to the plasma membrane. In untransfected
COS7 cells, dynein was found in a punctate pattern throughout
the cell but was not localized to the plasma membrane; there is
also some nonspecific labeling of the nucleus by the dynein
antibody in both control and transfected cells. In COS7 cells
transfected with NCAM180, we observed the recruitment of
dynein to the plasma membrane (Fig. 2C); this cortical localiza-
tion is not seen in untransfected control cells. As shown above
(Fig. 1, Fand G), the DBS domain of NCAM180 acts as a dom-
inant negative inhibitor of the dynein-NCAM180 interaction in
vitro. Consistent with these data, we found that expression of
the DBS domain in cells blocked the recruitment of dynein to
the cortex induced by NCAM180 expression (Fig. 2C).

To further investigate this cortical recruitment, we used a
HeLa cell line stably expressing dynein heavy chain with a
C-terminal GFP tag (DHC-GFP) (10). In control interphase
cells, we see dynein distributed throughout the cytoplasm but
no enrichment at the cortex (Fig. 2D). However, heterologous
expression of NCAM180 leads to the formation of patches at
the cortex (see arrows in Fig. 1D, bottom row), and we find that
DHC-GFP is recruited to these patches.

Of note, the recruitment of dynein to the plasma membrane
induced by the heterologous expression of NCAM180 in COS7
or HelLa cells is distinct from the dominant relocalization of
cellular dynein induced by expression of the N-terminal
domain of BICD2, which acts as a general dominant negative
inhibitor of dynein function in vivo (43). Although expression
of NCAM180 appears to be sufficient to recruit dynein to the
cortex, it does not generally inhibit dynein-mediated intracel-
lular motility because we did not observe disruption of steady
state organelle localization, such as that induced by expression
of the dominant negative CC1 construct of dynactin (44). Also,
when expressed in cortical neurons, the DBS construct does not
disrupt the dynein-driven motility of late endosomes and lyso-
somes visualized with Lysotracker or the transport of Bassoon
transport vesicles visualized with the GFP-Bsn reporter (32)
(data not shown). These observations suggest that expression of
the DBS construct results in a specific inhibition of the dynein-
NCAM180 interaction but not other dynein-mediated func-
tions, including axonal transport.

To examine the effects of the NCAM180-induced recruit-
ment of dynein to the cortex on the microtubule cytoskeleton,
we imaged microtubule dynamics in COS7 cells expressing
NCAM180 using GFP-EMTB, a well characterized reporter for
microtubule dynamics in live cells (31). In control cells, we
observed robust microtubule dynamics, characterized by slow
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NCAM180
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growth and rapid shrinkage, leading to the efficient exploration A
of the cellular space in the vicinity of the cortex (supplemental
Video 1). Heterologous expression of RFP-NCAM180 leads to
the formation of membrane-associated patches visible in live
cell microscopy (Fig. 2E); immunocytochemistry shows that
dynein is recruited to NCAM180 patches at the cell periphery
(Fig. 2C). Expression of NCAM180 did not alter overall micro-
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We compared the dynamics of microtubules projecting into % ‘éfgg 3 & 150
NCAM patches to the dynamics of microtubules projecting to o 8 100 o 8 100
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and supplemental Videos 2 and 3). Microtubule plus-ends pro- ¢ o g o
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dampened dynamics (Fig. 2, G and H), including a statistically g gé ?j? © = g% S2
significant decrease in microtubule tip velocities during growth z z =z 2 o S 8
and shortening (p < 0.001; Fig. 21), relative to microtubule plus- =1

ends away from NCAM180 patches at the cortex. These damp-
ened dynamics were accompanied by an increased microtubule
dwell time at the cortex. The average dwell time for microtu-
bule plus-ends in the vicinity of NCAM patches was 189 + 125,
significantly greater than the 94 * 15-s average dwell time for
microtubules projecting into cortical areas of the same cells
without visible NCAM localization or similar measurements in
untransfected control cells (100 = 7 s; p < 0.01).

The Dynein-NCAMI180 Interaction Promotes Cell Adhesion—
We hypothesized that the transient tethering of microtubules
by dynein recruited to cortical patches by NCAM180 might
lead to enhanced cell-cell adhesion. Using an established adhe-
sion assay (39), we found that expression of NCAM180 in COS7
cells led to a significant increase in cell-cell association (282 =
27% of GEP control, p < 0.05; Fig. 3, A and B) as compared with
cells expressing NCAM lacking the dynein binding site
(NCAM180ADBS, 111 * 10% of GFP control). Co-expression
of CC1, a well characterized dominant negative inhibitor of
dynein function (44), suppressed the enhanced cell-cell adhe-
sion induced by NCAM180 expression (168 £ 10%; p < 0.05),
indicating that both NCAM180 and dynein are needed to pro-
mote cell-cell interactions (Fig. 3, A and B).

FIGURE 3. Cell-cell interactions are dependent on microtubule dynamics
and the dynein-NCAM interaction. A and B, COS7 cells were singly trans-
fected with GFP, NCAM180, or NCAMADBS or doubly transfected with
NCAM180 and the dynein inhibitor CC1. The enhanced aggregation induced
by NCAM180 (p < 0.05) was not seen when the DBS was deleted or when
dynein was inhibited by co-expression of the dominant negative construct
CC1 (44). C, COS7 cells were transfected with NCAM180 and then treated
either with either low dose (100 nm) or high dose (10 um) nocodazole for 40
min. The enhanced aggregation induced by NCAM180 expression was
blocked by nocodazole treatment to either depolymerize cellular microtu-
bules at high dose nocodazole or dampen microtubule dynamics at low dose
nocodazole. The percentage of cells in aggregates was scored relative to con-
trol cells expressing GFP. Error bars, S.E. from =3 replicates.

We also found that the enhanced cell-cell adhesion induced
by expression of NCAM180 is microtubule-dependent (Fig.
3C), because aggregation was not increased in cells transfected
with NCAM180 and then treated with either high dose (10 um)
nocodazole to depolymerize microtubules or low dose (100 nm)
nocodazole to dampen microtubule dynamics without depo-
lymerizing the microtubule cytoskeleton (45).

The Dynein-NCAM 180 Interaction Modulates Microtubule
Dynamics in Cortical Neurons—Our observations in COS7
cells and in vitro reconstitution experiments indicate that
dynein, anchored by binding to NCAM180, can tether project-

FIGURE 2. NCAM180 and dynein tether microtubule plus-ends in vitro and in cells. A, GST-DBS-bound beads or GST-bound control beads were incubated
with purified microtubules in the presence (+) or absence (—) of dynein; binding was evaluated by Western blot with antibodies to dynein (DIC) and tubulin
(MT). Input, 10% of total. Both dynein and microtubules bound to GST-DBS beads but not to control beads. B, an optical trap was used to position a DBS-dynein-
bound bead near the diffusing plus-end of a microtubule, which was bound to the coverglass at its minus-end. A marked decrease in the lateral diffusion of the
microtubule plus-end was observed after contact with the bead, as shown in both the maximum projection and the kymograph showing microtubule end
dynamics over time. C, expression of exogenous NCAM180 in COS7 cells recruits dynein to the cell cortex (NCAM180). Co-expression of the DBS construct
abrogates recruitment of dynein to the cortex. Insets are shown below at increased magnification. Scale bars, 25 um. D, expression of NCAM180 in HeLa cells
stably expressing DHC-GFP induces the recruitment of dynein to NCAM180 patches at the cortex (arrows); this cortical localization is not observed in untrans-
fected control cells. Scale bar, 10 um. E, microtubules project to the cell cortex and are transiently stabilized at NCAM patches localized to the cell surface in
COS7 cells expressing NCAM180 (red, RFP-NCAM180; green, GFP-EMTB, a microtubule-associated protein used to report microtubule dynamics). F, live cell
imaging of microtubule dynamics in COS7 cells expressing NCAM180 (see supplemental Videos 1-3). An initial two-color image (red, RFP-NCAM180; green,
GFP-EMTB) shows the tethering of a microtubule plus-end at an NCAM180 patch (left). A time series shows the tethering over time of the microtubule plus-end
(white dot) at a cortical NCAM180 patch (outlined in red) in COS7 cells. Note the robust dynamics of untethered microtubules (colored dots and lines) within the
same cell; lines indicate microtubule tracks over time, and dots indicate the initial position. G, microtubule tip trajectories away from (left) and at NCAM patches
(right) show the dampened dynamics characteristic of tethered microtubules. Trajectories are aligned such that the initial microtubule tip position is at the
origin. H, dampening of microtubule tip dynamics at NCAM patches. Tracking the tip positions over time of microtubules away from (blue and green tracks, top)
and in NCAM patches (red, yellow, and orange tracks, bottom) shows the altered dynamics of microtubule growth and shortening of tethered microtubules.
Dots, time points where the microtubule tip was localized in an NCAM patch. /, histogram of the microtubule tip velocities at (red) and away from (blue)
NCAM180 patches at the cortex. The inset shows the mean and 25 and 75% quartiles of the absolute values of the velocity of the microtubule plus-ends (p <
0.05; ANOVA).
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FIGURE 4. Dynein and NCAM both localize to synaptic sites and co-precipitate from synaptosomal fractions. A, dynein (green, left) and NCAM (green, right)
localize with synapsin (red) in cortical neurons in contrast to neurofilament-H staining. Scale bar, 50 um. B, dynein (red, left) and NCAM (red, center) both localize
to synaptic sites along with the presynaptic marker synapsin shown in green, in the processes of cortical neurons at 14 DIV. The colocalization of postsynaptic
marker PSD-95 (red, panels on right) with synapsin (green) is shown for comparison. Scale bar, 10 um. The percentage of colocalization was determined from
thresholded pre- and postsynaptic images using Imaris software (41); representative signals are shown (Colocalization) for each pair below the immunostained
images. C, NCAM and dynein co-purify with synaptosomes. All three major NCAM isoforms (NCAM180, -140, and -120) were found in isolated synaptosomes,
along with dynein (DIC) and dynactin (p50). Supernatant (S) and pellet (P) fractions from brain homogenate and the synaptosome-enriched fraction (Syn) were
probed for the postsynaptic marker PSD-95, which is selectively enriched in the synaptosome fraction, and the cytosolic marker GAPDH, which is depleted. D
and E, pull-down experiments from mouse brain synaptosomes show that NCAM180 is precipitated by recombinant DIC-bound beads (D) and that endoge-

nous dynein is co-immunoprecipitated with NCAM antibodies (E).

ing microtubule plus-ends. This tethering correlates with
enhanced cell-cell adhesion. Because NCAM180 is expressed
specifically in neurons, we asked whether the dynein-
NCAM180 interaction might have a role in regulating
microtubule dynamics and enhancing cell-cell interactions
in these cells.

To test this hypothesis, we first confirmed that NCAM and
dynein both localize to synaptic sites in primary cortical neu-
rons, as defined by colocalization with the synaptic marker syn-
apsin (Fig. 4, A and B); the observed extent of colocalization for
both dynein and NCAM was similar to that observed between
the presynaptic marker synapsin and the postsynaptic marker
PSD-95, whereas colocalization of neurofilaments and synapsin
was over 3-fold lower (p < 0.05). Next, we isolated a synapto-
somally enriched fraction from mouse brain and found that
NCAM, dynein, and dynactin are all present in this preparation
along with the synaptosomal marker PSD-95 (Fig. 4C). We then
performed pull-down experiments from this synaptosomally
enriched fraction. A pull-down experiment with recombinant
DIC bound to beads shows that the NCAM180 isoform, but not
the 140- or 120-kDa isoform, was co-precipitated from the syn-
aptosomal fraction (Fig. 4D); dynactin (p50) served as a positive
control. In the reciprocal experiment, endogenous dynein was
co-immunoprecipitated from the synaptosomal fraction with
an anti-NCAM antibody (Fig. 4E). Together, these observations
led us to hypothesize that the dynein-NCAM interaction might
have a functional role at synapses.

SEPTEMBER 27,2013 +VOLUME 288+-NUMBER 39

To examine the role of the dynein-NCAM interaction, we
examined microtubule plus-end dynamics at synapses formed
by cortical neurons in culture. We transfected primary cortical
neurons with a plasmid encoding the microtubule plus-end
tracking protein EB3 fused with mCherry and imaged microtu-
bule dynamics in live cell assays (Fig. 5, A and B). We found that
EB3-mCherry comets preferentially terminated at synaptic
sites labeled with GFP-synaptophysin, ~2.5 times as often as
would be expected if EB3 comets terminated at random sites
along the neuronal process. EB3 associates only with actively
growing microtubule ends, so we cannot distinguish if the EB3
signal is lost due to either preferential microtubule stabilization
or catastrophe, and use of a general microtubule reporter con-
struct like the EMTB construct used in COS7 cells did not pro-
vide sufficient resolution to monitor microtubule dynamics at
the spatially restricted synapses formed by cortical neurons
grown in vitro. However, the preferential termination of EB3
comets at synaptic sites is consistent with microtubule paus-
ing induced by tethering, much as we observed in COS?7 cells,
which permit higher resolution imaging of microtubule
dynamics.

To disrupt the NCAM180-dynein interaction, we used over-
expression of the DBS of NCAM180, which, as shown above,
acts as a dose-dependent inhibitor to block the dynein-NCAM
interaction without perturbing other dynein functions in the
cell (Fig. 1, Fand G) (data not shown). In contrast to our obser-
vations in control neurons, the preferential termination of EB3
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comets at GFP-synaptophysin-positive sites was lost in neurons
expressing the NCAM-DBS dominant negative construct (Fig.
5B). When the dynein-NCAM180 interaction is disrupted, EB3
comets terminated at apparently random locations along the
neuron, because the fraction of EB3 comets terminating at syn-
aptic sites is approximately equal to the fraction of the length of
the neuron positive for the synaptic marker GFP-synaptophy-
sin, as evidenced by the fraction of EB3 comets that terminate at
synapses normalized to the fraction of the neurite length posi-
tive for GFP-synaptophysin (1.04 *= 1.04 for NCAM-DBS
expressing neurons compared with 2.48 = 0.52 for control neu-
rons, mean * S.E.).

As a further control to ensure that expression of the DBS did
not affect overall microtubule dynamics in transfected cortical
neurons, we analyzed both the velocity and the duration of EB3
comets along the processes and found that both aspects were
similar in control neurons and those expressing DBS. The
velocities in control and DBS-expressing neurons were 151 = 9
and 135 = 8 nm/s (mean = S.E., p > 0.2), respectively. The
apparent catastrophe frequencies (reciprocal of the duration of
EB3 comets) also did not differ; means were 0.055 = 0.008 and
0.067 = 0.009 s ' (£S.E.; p > 0.4; p values calculated by one-
way ANOVA tests). These data suggest that the primary effect
of DBS expression is disruption of the dynein-NCAM180 inter-
action rather than a direct effect on microtubule dynamics.

Disruption of the Dynein-NCAMI180 Interaction Leads to
Decreased Synaptic Density—The observation that EB3 comets
preferentially terminate at synaptic sites is consistent with
microtubule tethering and suggests that microtubule plus-ends
tethered by NCAM180 and dynein may enhance cell-cell adhe-
sion and thus synaptic stability. To test this hypothesis, we used
the dominant negative DBS construct to disrupt the dynein-
NCAM180 interaction in cortical neurons and then stained
these neurons with antibodies to pre- and postsynaptic markers
(Fig. 5C). Comparison of DBS-expressing neurons with control
neurons indicated significantly fewer (0.13 * 0.02; p < 0.01)
synapses/um in neurons expressing the inhibitory DBS con-
struct as compared with control neurons (0.23 = 0.03 synapses/
pm; Fig. 5, C and F). In a complementary approach, we also
analyzed the effects of DBS expression on the density of syn-

apses measured by uptake of the fluorescent reporter FM4-64
following stimulation of the neurons with KCI (Fig. 5, D and G).
We found that expression of DBS significantly decreased the
density of active synapses (0.03 * 0.02 synapses/um as com-
pared with 0.12 = 0.04 synapses/um in control neurons. We
also noted that the FM4-64 staining of synapses in KCl-stimu-
lated cortical neurons expressing the DBS construct was both
less intense and less compact than in control neurons (Fig. 5E).
Importantly, under these same conditions, we did not observe
an effect of DBS expression on the dynein-mediated transport
of either late endosomes/lysosomes or the synaptic marker
GFP-Bsn along neuronal processes, indicating that DBS expres-
sion is not broadly inhibiting other dynein-mediated functions
in the neuron.

Based on the hypothesis that the stabilization of synapses by
the dynein-NCAM180 interaction is mediated by the tethering
of microtubules to synaptic sites by dynein, we would predict
that perturbing microtubule dynamics would also result in the
loss of synaptic density. We used low dose nocodazole treat-
ment to dampen microtubule dynamics without depolymeriz-
ing the microtubule cytoskeleton (45, 46). As expected, this
treatment led to the loss of EB3-mCherry-positive comet tails.
Cortical neurons treated with low dose nocodazole (50 nMm for
20 h) exhibited decreased synaptic density (0.16 = 0.01 synaps-
es/um, p < 0.01) as compared with control neurons (0.44 *
0.03 synapses/um; Fig. 5H), indicating that the maintenance of
synaptic density requires dynamic microtubule remodeling.

Finally, we asked whether depletion of NCAM from cortical
neurons induced a decrease in synaptic density similar to that
induced by expression of the DBS construct blocking the
dynein-NCAM180 interaction. We used four independent
shRNA constructs expressed in lentivirus to deplete endoge-
nous NCAM from cortical neurons (Fig. 5, I and /). Each of the
four constructs led to marked loss of synaptic density, as
assessed by the colocalization of pre- and postsynaptic markers
(Fig. 5I); this loss was not observed in control neurons infected
with lentivirus expressing GFP. Importantly, the synaptic loss
observed upon depletion of NCAM was similar in magnitude to
the decreased synaptic density induced by expression of the
dominant negative DBS reagent (Fig. 5, F, G, and ).

FIGURE 5. Inhibition of the dynein-NCAM180 interaction disrupts microtubule dynamics and decreases synaptic density in primary cortical neurons.
A, microtubule dynamics at synapses. Cortical neurons were transfected with EB3-mCherry and GFP-synaptophysin to image microtubule dynamics and
synaptic sites. Shown in the left panel is a representative image from a single time point, and shown on the right is a kymograph generated from a line drawn
along a neuronal process in the time series. A white arrowhead denotes the same representative EB3 comet in both the micrograph and the kymograph. These
data show that EB3 comets preferentially terminate at synaptic sites in control neurons. B, expression of DBS alters microtubule dynamics at synapses. In
neurons expressing the DBS from NCAM180, EB3 comets no longer terminate preferentially at synaptic sites. A representative micrograph is shown on the left,
and a kymograph from the time series is shown on the right, with the same comet tail indicated in both panels by a white arrowhead. Expression of the
NCAM-DBS domain reduces the fraction of EB3 comets terminating at synapses (n > 85 comets in >7 neurons). C, expression of the DBS from NCAM180
reduces synaptic density in cortical neurons, as assessed by colocalization of puncta positive for both pre- and postsynaptic markers (synapsin (top) and PSD-95
(bottom)). D, expression of the DBS from NCAM180 reduces synaptic density in cortical neurons as assessed by measuring KCl-stimulated uptake of FM4-64. E,
expression of the NCAM-DBS in cortical neurons disrupts the appearance of FM4-64-positive synaptic sites. Synapses from cortical neurons transfected with
the DBS from NCAM180 have a decreased area intensity (DBS; 86 = 19 arbitrary units (A.U.)) compared with control neurons (Ctrl; 164 =+ 31 arbitrary units, p <
0.05). Synapses in DBS-transfected neurons are also more broad, 2.4 = 0.6 wm compared with 1.8 = 0.4 um in control neurons (FWHM; p < 0.05). F and G,
quantitative decreases in synaptic density induced by expression of DBS assessed using either colocalization of pre- and postsynaptic markers (p < 0.01,n =
15 neurons with >1000 synapses from three experiments; error bars, S.E.) (F) or FM4-64 uptake (p < 0.01, n = 18 neurons with >1000 synapses from six
experiments) (G). H, dampening microtubule dynamics decreased synaptic density. The effects of DBS expression on synaptic density can be compared with
the effects of treatment of cortical neurons with low dose nocodazole (50 nm for 20 h) (p < 0.01, n = 27 neurons with >500 synapses from two experiments).
Experimental values were measured relative to same day controls because synaptic density is dependent on plating density and DIV. /, depletion of NCAM
using four different ShRNA (shRNA 1-4) constructs or expression of the dominant negative DBS construct resulted in similar decreases in synaptic density,
relative to controls (NO LV, no lentivirus infection; GFP, infection with lentivirus expressing GFP; DBS ctrl, mock transfection). For all panels, *, p < 0.05; **, p <
0.01. J, depletion of NCAM isoforms from cortical neuronal cultures by lentivirus expression of shRNA constructs targeting NCAM as assessed by Western blot;
ERK immunoreactivity was used as a loading control.
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DISCUSSION

Dynein has been primarily characterized in neurons as the
major microtubule motor driving retrograde transport of intra-
cellular cargos. However, increasing evidence suggests that
dynein also has important functions at the cell cortex. During
mitosis, cortically localized dynein acts to position the mitotic
spindle (8, 10). Dynein is also specifically recruited to cortical
sites in interphase cells, including epithelial adherens junctions
(11, 12) and the immunological synapse (13). Recent biophysi-
cal studies have shown that dynein at the cortex is uniquely
suited to tethering dynamic microtubule plus-ends. In recon-
stitution assays with dynein bound either to beads or to micro-
fabricated barriers, dynamic microtubule plus-ends made sta-
ble contacts with the barrier. In contrast, encounters between
microtubules and barriers in the absence of dynein led to rapid
catastrophe (14, 15, 47).

Here, we describe a direct and specific interaction between
cytoplasmic dynein and the neural cell adhesion molecule
NCAM180. Heterologous expression of NCAM180 in COS7 or
HeLa cells leads to the recruitment of dynein to NCAM180-
positive patches at the cell cortex. In live cell assays, we observe
that microtubule plus-ends projecting toward these NCAM180
patches are transiently stabilized. In primary neurons, we find
that inhibition of the dynein-NCAM180 interaction or deple-
tion of NCAM perturbs microtubule dynamics at synaptic sites
and results in a significant loss of synaptic density. Based on our
experimental observations, we propose the following hypothe-
sis. Dynein, anchored to the cortex at synaptic sites through a
direct association with NCAM180, tethers microtubule plus-
ends. The microtubule-dynein-NCAM180 interaction may
contribute to the stability of intercellular interactions at synap-
tic sites, consistent with our observation of decreased synaptic
density in neurons in which this interaction is blocked. Inter-
estingly, the decreased synaptic density observed upon inhibi-
tion of the dynein-NCAM180 interaction or upon depletion of
NCAM from the neuron parallels the decreased density
induced by treating cortical neurons with low dose nocodazole,
which dampens microtubule dynamics and hinders their ability
to search cellular space.

NCAM180 is an adhesion molecule that is localized to syn-
apses and contributes to synaptic stabilization and maturation
(20, 21, 27, 48). NCAM180 is involved in the localized accumu-
lation of synaptic organelles and proteins (26). Studies in
knock-out mice indicate that loss of NCAM180 expression
affects synapse maturation and stability (20, 21, 27, 48), includ-
ing junctional stability in neurons following injury (24).
NCAM180 knock-out mice exhibit periods of complete trans-
mission failure upon repetitive stimulation of the neuromuscu-
lar junction (NMJ) (21, 22, 27). NCAM-deficient mice also
exhibit impaired long term potentiation (49), suggestive of a
possible defect in cytoskeletal remodeling at synaptic sites.

Previous studies have also implicated dynein and dynactin in
the maintenance of synaptic stability. In Drosophila, depletion
of dynactin leads to synaptic retraction and destabilization of
the NMJ (50). Destabilization and loss of NMJs have been
observed in dynein mutant mice (51). Also consistent with a
role for dynein-dynactin in maintaining the stability of the
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NM]J, analysis of a transgenic mouse model expressing the G59S
mutation in dynactin causative for human motor neuron dis-
ease (HMN7B) has shown significant synaptic destabilization
in the absence of marked defects in axonal transport (52). Of
note, the long term potentiation impairment observed in
NCAM-deficient mice shows a pronounced age-dependent
decline, whereas dynactin mutant (Glued) flies exhibit both
morphological and functional deficits that increase with age
(53).

Recent work has begun to explore the role of microtubule
dynamics at synapses (reviewed in Ref. 54). Studies in Drosoph-
ila clearly implicate proteins modulating microtubule dynam-
ics in the regulation of synaptic morphology and stability (55—
58). In mammalian neurons, EM analysis shows microtubules
at neuromuscular junctions (59 -61), and, more recently, the
observation of microtubule invasions of dendritic spines (62—
65) has suggested a role for microtubules in modulating synap-
tic plasticity. A specific role for microtubule plus-end dynamics
in either the establishment or maintenance of synaptic mor-
phology was suggested by recent work on the plus-end tracking
protein CLASP2. Knockdown of CLASP2 in hippocampal neu-
rons led to a decrease in synaptic density and synaptic area (66),
similar to the alterations induced here by blocking the dynein-
NCAM180 interaction or depleting NCAM from cortical
neurons.

How might dynein-mediated microtubule tethering affect
synaptic morphology or function? There are a number of pos-
sible models. Dynein-mediated microtubule tethering may
contribute to the regulation of microtubule dynamics at synap-
tic sites. Dynein-mediated microtubule tethering may also
facilitate the spatially specific trafficking of vesicles to the syn-
apse, because cortically tethered microtubules have been pro-
posed to serve as preferred tracks for rapid communication
from the cell center to the periphery (67). Alternatively, a link
between the internal microtubule cytoskeleton and sites of cell-
cell interaction may also provide mechanical stability. The
extracellular domain of NCAM is involved in molecular inter-
actions between the pre- and postsynaptic compartments.
Thus, microtubules tethered by dynein may provide a physical
link between the extracellular milieu and the cytoskeleton that
is able to exert force. In a mechanosensory role, the dynein-
NCAM interaction could serve to “report” the physical proper-
ties of the surrounding environment in a transmembrane feed-
back mechanism, as has been suggested in studies on apCAM at
Aplysia growth cones (68). Further studies, using superresolu-
tion microscopy and electrophysiology, will be required to dis-
criminate among these models.

NCAM180 may not be the only adhesion molecule that can
recruit dynein to the cortex; a direct interaction between
dynein and B-catenin (12) may provide some functional redun-
dancy at the synapse where B-catenin is also localized (69).
Consistent with this hypothesis, ablation of NCAM expression
results in pleiotropic effects on the nervous system (18) but is
not lethal, in contrast to loss of dynein or dynactin expression
(70). Also, our work does not rule out other key interactions
between NCAM and the cellular cytoskeleton. Polo-Parada et
al. (71) have previously described a conserved C-terminal motif
in NCAM that may signal via myosin light chain kinase to reg-
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ulate myosin-driven synaptic vesicle trafficking at the presyn-
aptic terminal. At the postsynaptic terminal, an association
with a spectrin-based scaffold mediates the accumulation of
NCAM at synaptic contacts (23, 72). Dynein has also been
shown to interact indirectly with the spectrin cytoskeleton via
dynactin (35) and ankyrin (73), so multiple interactions proba-
bly contribute to dynamically link the cytoskeleton to the cell
cortex at active trafficking sites, such as synapses. Together,
these observations suggest that regulated interactions between
the cellular cytoskeleton and the cell cortex play a key role in
maintaining the stability and function of neurons.
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